Abstract: Free-radical solution copolymerization of acrylonitrile (AN) with four comonomers including itaconic acid (IA), acrylamide (AM), methyl acrylate (MA) and ammonium salt of itaconic acid (AIA) were carried out respectively. Every copolymerization process has been named as AN/IA system, AN/AM system, AN/MA system and AN/AIA system respectively, and the attained polymer is regarded as AN/IA, AN/AM, AN/MA and AN/AIA copolymer respectively. Effect of different comonomers on the polymerization kinetics and viscosity of the spinning drop are discussed in detail. The exothermic reaction of polyacrylonitrile (PAN) precursors is determined by differential scanning calorimetry (DSC), and effect of the different comonomers on the stabilization exotherm properties of PAN precursors were also studied. It has been shown that the rate of polymerization decreases distinctly with an increase of IA content, the ammonium modification can obviously increase the hydrophilicity of copolymer. The falling ball viscosity of AN/IA system is lower when compared with the other three systems, but when under the low concentration of monomer, AN/MA system has the highest viscosity. Electron paramagnetic resonance (EPR) indicates that the peak width change for the different copolymer be mainly caused by the spin-spin interaction. The copolymer of AN/AM has the lowest starting-exothermal reaction temperature and AM can alleviate the exothermic reaction and moderate the stabilization exotherm.
Introduction
PAN fibers were the most promising precursors to produce high performance carbon fibers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . PAN homopolymer should be the optimal choice to produce PAN fibers, but it hindered the alignment of molecule chain during spinning, which resulted in poor quality of carbon fiber. So selection of a suitable comonomer is an important step, which has been a main subject of study [2] [3] [4] [5] [6] [7] [8] [9] . This is because that the interaction of a few percentages of comonomers generally enhances the spinnability, partially disrupts the nitrile-nitrile interactions to allow for better chain alignment, and reduces the onset of cyclization temperature during their oxidation. With acidic monomers acting as comonomers such as IA, AM, MA and AIA, PAN copolymers possessed high thermal property because the acidic groups in the PAN copolymer can catalyze the cyclization of nitrile groups during the heat stabilization treatment of PAN precursors.
There are some reports [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] on their actions as comonomers, because different comonomers have different chemical structure, which results in different sequence distribution and average constituent in the copolymer. Wan [14] indicated that water phase precipitation copolymerization was a 'green' and effective method to incorporate N-vinyl-2-pyrrolidone into PAN, revealed that the hemocompatibility of PAN could be greatly improved by the incorporation of N-vinyl-2-pyrrolidone. Brar [15] [16] [17] [18] analyzed the structure of the AN/MA copolymer by using one-and twodimensional NMR spectroscopy, indicated that there was a random placement of two monomers along the copolymer chain, showing compositional and configurational sensitivity of methine protons of AN and MA units upto the triad level. Cui [19] studied AN/AIA aqueous deposited polymerizations, thought the polymerizations were influenced by various factors, especially the water solubility of AN. Chen [20] found that increasing dimethyl sulfoxide (DMSO) concentration in the solvent mixture could lead to a rapid increase in the degradation apparent activation energy of AN/MVK copolymers. The values of apparent reaction ratios gradually tend to 1 with increasing the copolymerization temperature for AN/AIA copolymer [21] . Lu [22] found that the copolymer composition produced in the suspension polymerization of AN and styrene was significantly different from that in the bulk polymerization at the same monomer feed ratio. Li [23] thought monomolecular chain termination existed along with dimolecular chain termination in the AN/MA ionic liquid system during the polymerization process. Ibrahim Erol [24] revealed that comonomers were more reactive than AN by the analysis of reactivity ratios, and copolymers formed were statistically in nature. Khesareh [25] showed that the reactivity ratios did not vary significantly with temperature up to 140 °C during the copolymerization of MMA and AN. Liu [26] obtained a new style of AN/MAA/AM expandable copolymer through the design. Devasia [27] investigated the free energy of activation of viscous flow increased with increasing polymer concentration and molecular weight.
To our knowledge, the effect of different comonomers on the thermal and physical properties of PAN fiber precursors in contrast are not discussed by judged from the published literature. In this experiment, IA, AM, MA were copolymerized with AN using DMSO as solvent and azodiisobutyrontrile (AIBN) as radical initiator respectively, AIA was prepared by the neutralization of IA with NH3, then AIA was copolymerized to synthesize the ammonium-modified copolymer using the same solvent and radical initiator. The effects of different comonomers on the characteristics and properties of the copolymers and their precursors acquired were contrastively studied.
Results and discussion

Evaluation of polymerization process
Required amounts of AN, IA (or MA or AM or AIA), AIBN, DMSO were used to synthesize copolymers by a solution polymerization technique. Some important parameters and polymerization conditions of copolymer are shown in Tab. 1. As shown in Tab. 1, in the case of the feeding ratio of 98/2, keeping the other conditions constant, the intrinsic viscosities, the average of molecular weight (M w ) and the contact angle for the four copolymerization systems follow next order: AN/IA >AN/MA > AN/AM > AN/AIA, the average M w of AN/IA copolymers acquired in this research is 18.34×10 4 , only a bit higher than 16.76×10 4 of the copolymers attained which AIA acted as comonomer. That is to say, the effect of ammonium on M w is less obvious when the comonomer concentration is below 2.0 wt%. The hydrophilicity of a polymer can be demonstrated by the contact angle between polymer layer and water. The lower the contact angle is, the higher the hydrophilicity is. The decrease of the contract angle shows that ammonium can obviously increase the hydrophilicity of copolymer. It can be also seen from Tab.1 that the molecular weight distribution (MWD) for the four copolymerization systems follows the order: AN/AIA> AN/AM> AN/MA> AN/IA. The properties of copolymers are dependent on their functional groups when thinking about their corresponding chemical forms, the arranging order of functional group for each comonomer determines their compositional and configurational sensitivity of copolymer, this mainly results from different sequence distribution and average constituent. The same conclusion of arranging orders can be drawn from Scheme 1, which is represented as the molecular structures of four copolymers and one of the comonomer, where X and Y are the number of monomer and comonomer units in the polymer chain, respectively. Tab. 1. Important parameters of copolymerization.
Sample
The feeding ratio (w/w)
The contact angle (º ) 
Effect of different comonomers on the copolymerization reaction conversion
Fig . 1 shows the variation of conversion as a function of reaction time. According to the results summarized in Fig. 1 , it is clearly found that the conversion quickly increases before reaction time arrives at 8 h, which accords with the characteristic of free-radical solution copolymerization. During the whole polymerization course, the values of conversion of four copolymers are almost equivalent. The change of conversion of copolymerization becomes less prominent when the reaction time is above 8 h. At one time, the arranged order of copolymerization ratio is regarded as AN/AM > AN/MA > AN/AIA > AN/IA when relying on the change speed. An increase of the percentage conversion of MA, AM, AIA does not give great effect on each system of copolymerization, but the copolymerization ratio of AN/IA system obviously goes down with an increase of IA content, the percentage conversion varies from 92.5% at 95/5(w/w) to 82.9% at 98/2(w/w), the possible reason is that IA has smaller space volume and the steric hindrance of IA improves its reactivity. The Kelen-Tudos method [4] gave the monomer apparent reactivity ratios for AN and IA of r AN =0.395, r IA =2.60, which was a standard to judge other results. The higher reactivity ratio value of IA confirms its high reactivity compared with the reactivity ratio value of AN. The polymer radical with an IA unit at the chain end is considerably more active than the polymer radical with AN unit, this implies the probability of IA entry into the chain is greater than the probability of AN entry, in other words, the polymer radical with an IA leads to increase of polymerization conversion with the addition of IA.
Fig. 1. The plot of copolymerization conversion versus time.
Effect of different comonomers on the falling ball viscosity of copolymer solutions
The plot of falling ball viscosity versus temperature is shown Fig. 2 . As revealed in Fig. 2 , the same characteristic for all copolymers is that the falling ball viscosity decreases with temperature increases. But under the same concentration and temperature containing equivalent amount of comonomers, the values of viscosity follow this order: AN/IA < AN/AIA < AN/AM < AN/MA. The falling ball viscosity of AN/IA system is low when compared with the other three systems, but when under the low concentration of monomer, AN/MA system has the highest viscosity, it brings on more high viscosity with an increase of concentration of monomer, this suggest the comonomer taking part in the reaction with AN follow a different mechanism, that is to say, different comonomers have different chemical structure and different functional groups, which results in different sequence distribution and average constituent in the copolymer.
EPR spectrum analysis for different copolymers
The exhaustive fragmentation course was elucidated by the EPR spectrum of fiber copolymers. If energy in the condensed system complied with Mexwell distribution, some bonds of molecule in excitation state would cleave when the vibrational energy reached repulsive level. The bonds cleavage brought on chain free radicals and initiated fragmentation of polymer. The polymer backbone chains fragmentized into chain free radicals and the reaction of radicals were manifested by the unpaired electrons, so EPR curves characteristic to unpaired electrons indicated the reaction course of polymer. Each EPR curve for different copolymers is shown in Fig. 3 . As revealed in Fig. 3 , the same characteristic is that the curve is Lorentz line type and singlet narrow spectra where there was no hyperfine separation; this is basically identical with the free radical spectral line. The order of peak width is as follows: AN/AIA (4mT) > AN/IA (3.5mT)> AN/AM (2.5mT) > AN/MA (1mT), the peak width appreciably becomes narrower for AN/MA copolymers. It is because that the peak width change is mainly caused by the spin-spin interaction. Many unstable free radicals vanish to make "local magnetic field", which results from small magnets from the unpaired electrons, so the secular broadening effect reduces and the peak width becomes narrower. On one hand, the change of peak value manifests the variation of unpaired electrons quantity in the same testing condition, the change of which be attributed to the chain free radicals due to random fragmentation, on the other hand, the changes of the peaks width and value show that the random fragmentation of polymer backbone is enhanced and is weakened even ceased. So the quantity of free radicals descending sharply with the unpaired electrons consumption should be attributed to their different molecular structure and chemical-structural change.
Chemical structural change and crystalline structure analysis
A comparison of IR spectra obtained for different PAN copolymers is shown in Fig. 4 . The broad band in the range 3600~3100cm -1 with its maximum at 3500cm -1 or 3250cm -1 is attributed to the O-H stretching; the broad band in the range 3100~2700cm -1 with its maximum at 2940cm -1 is assigned to the C-H stretching in CH, CH 2 , CH 3 (including symmetrical and unsymmetrical stretching); the position of the C≡N absorption band at 2240cm -1 , which is the strong absorption band in the polymers, indicates the presence of uninterrupted long sequences AN units in all copolymers. The strong band in the range of 1750~1700cm -1 is present in the copolymers due to the C=O stretching; the bands in the regions 1460~1440, 1370~1350 and 1270~1220cm -1 are assigned to the C-H vibrations of different modes. It is clearly found that the main differences are as follows: An appearance of absorption band at 2362.37 cm -1 for (AN/IA, AN/AM, AN/MA) copolymers can be attributed to the stretching spectra of gaseous CO 2 , the C=O band of ester compound is at 1679.69 cm -1 , 676.89 cm -1 band is the vibration spectra of gaseous CO 2 . Therefore, it can be deduced that AN/MA copolymers contain the ester compound and there are amine compounds in AN/AIA copolymers and AN/AM copolymers. In the AN/IA copolymers, the peaks at 1660 and 1638 cm -1 are not sharp enough, as they appear to be overlapped with the carbonyl stretching band of acid groups at 1734-1738 cm -1 , which is due to the hydrogen bonding. So the different chemical structure for (AN/AIA, AN/IA, AN/AM, AN/MA) copolymers results in its having different thermal properties.
Fig. 5. Crystalline structures of copolymers.
The wide-angle X-ray diffraction pattern of different PAN copolymers is shown in Fig.  5 , the characteristic parameters of X-ray diffraction for PAN copolymers concerned are listed in Tab. 2. As can be seen from Fig. 5 and Tab. 2, all PAN copolymers show a very sharp reflection at 2θ=17°, while AN/AM copolymers and AN/MA copolymers have a broader peak, the peak at 2θ=29° is comparatively sharper in the cases of AN/IA copolymers and AN/AIA copolymers, the peak is diffused, representing the lower crystallinity of copolymers.
Tab. 2.
Characteristic parameters of X-ray diffraction for PAN copolymers concerned.
Polymer
Orientation The lower crystallinity is observed in AN/IA copolymers and AN/AIA copolymers may be due to the bulky side group of itaconic acid-containing copolymers, which can affect the crystal lattice formation. In addition, it shows a lower crystal sizes when compared with those of AN/AM copolymers and AN/MA copolymers.
Thermal properties
The effect of comonomers on the thermal behavior of PAN and their copolymers has been a subject of several investigators. Thermal behavior of AN copolymers is highly dependent on the method of polymerization, chemical nature of comonomer and its content. In order to study the effect of comonomers on the thermal properties of precursor fibers, the DSC thermograms of AN/IA, AN/MA, AN/AM and AN/AIA copolymers obtained are recorded in Fig. 6 . The various parameters obtained from these exothermic, viz., initiation temperature (T i ); peak temperature (T p ); termination temperature (T t ); and its difference or the width of exothermic ∆T, (∆T=∆T t -∆T i ); the peak temperature (T pk ), and the heat evolved (∆H) are shown in Tab. 3. It is noted that the DSC curves of fibers are almost doubling when compared with the corresponding copolymer, in other words, the fibers made from copolymers have the same exothermic reactions as copolymers. The initiation exothermal reaction temperature of AN/IA system is lower than the other three systems, it can be attributed to such that there are two carboxylic acid groups in each IA molecule indicating the role of two acids in cyclization reaction. But AN/AM system has two separated peaks, its exothermal peak temperature is lower, which makes the exothermic reaction temperature wider than the sharply concentrated temperature zone, which can alleviate the exothermic reaction and moderate the stabilization exothermic of PAN fibers avoid to some extent the fusion of polymers; this is because heating polymers in an oxidizing atmosphere can cause the formation of a cyclic structure consisting of naphthyridine rings and crosslinking, in some sense, the ammonia or amine groups are believed to act as catalysts in the cyclization reaction. So the exothermic temperature of AN/AIA system should be the lowest, instead, it is higher when compared with AN/AM system, which is close to AN/MA system. This is because that H + of the COOH group has been replaced by NH 4 + in the case of fibers from AN/AIA system, which perhaps comparatively forms the stronger bond with COO -and may have hindered the initiation of exothermic reaction. Thus, it starts at a higher temperature but propagates at a higher rate like in the homopolymer, consequently showing a narrower exothermic with the higher temperatures of initiation and a lower value of ∆H compared with those fibers prepared from AN/AM system or AN/MA system.
Tab. 3. DSC parameters of different copolymers.
Polymer As shown in Tab. 3, the width of exothermic ∆T for the different comonomers is different. A low ∆H value of exothermic suggests that the value of ∆T should be the smallest for AN/IA system which is elongated in nitrogen. This suggested that it in turn minimize the chances of excessive bond rupture and chain scission of the precursor during the low temperature thermal stabilization process. This is why the mechanical properties of the resultant carbon fibers developed for AN/IA system are the best. The AN/AM system is in particular, it is because AM comonomer groups are prevented from cycling propagation of CN groups, which make the exothermic reaction temperature of PAN precursors wider. A separated peak can alleviate the exothermic reaction and result in the reduced entropic relaxation of molecules, may avoid to some extent the fusion and breaking of fibers owing to overheating resulted from the sharp heat producing reaction.
Conclusions
Copolymerization of AN with four comonomers including IA, AM, MA,AIA were carried out in our lab, several conclusions were drawn by means of the Kelen-Tüdõs method, GPC, EPR combined with XRD and DSC analysis. In the case of the same temperature, the same content of comonomers and the same concentration of initiator, the copolymerization ratio of four systems follow the order: AN/AM > AN/MA > AN/AIA > AN/IA. In particular, the copolymerization ratio for the system of AN/IA declines with the content of IA increasing. The falling ball viscosity of AN/IA system is lower when compared with the falling ball viscosity of the other systems, but when under the low concentration of monomer, AN/MA system has the highest viscosity. EPR indicates that the peak width change for the different copolymer should be mainly caused by the spin-spin interaction. The initiation exothermal reaction temperature of AN/IA system is lower. But AN/AM system has two separated peaks, which alleviates the exothermic reaction and moderates the stabilization exothermic of PAN and avoids fusion of polymers, it is proposed that the first peak can be attributed to the interactions among CN, CONH 2 , and COOH groups of polymers as a result of the introduction of segmental mobility.
Experimental part
Materials AN (Tianjin Chemical Reagent Plant, Tianjin, China) was distilled at 76-78 ºC before use. IA, MA, AM (Lucky Co. Ltd., Chuolchome Ueda, Japan) were used as the second monomers, AIBN (Shandong Xueyin Chemical Fiber Co., Zibo, China) as initiator, DMSO (Liaoni Panjin Chemical General Plant, Panjin, China) as solvent. AN was industrial polymerization-grade and distilled to remove inhibitors before use. Comonomers IA, MA, AM or attained AIA were recrystallized from acetone respectively. AIBN was recrystallized from ethanol. DMSO was also distilled to remove moisture.
Polymerization process
Firstly, required amounts of AN, IA (or MA or AM or AIA), AIBN, DMSO were precisely measured out. A solution polymerization technique was used to synthesize copolymer. The total concentrations of monomers were controlled at 20 wt% in this study. The measured ingredients were charged in the flask, which was continuously flushed with the ultrapure nitrogen. The flask was wholly immersed in a temperaturecontrolled water bath of 60ºC and was normally carried out under continuous agitation by magnetic stirring to ensure thermal equilibrium. After a definite reaction time, the resultant mixture was poured into a large amount of methanol for precipitation, washed with methanol several times, dried at 80 ºC under vacuum till a constant weight was obtained.
Spinning process
20% solution of copolymer in DMSO was spun on a wet-spun apparatus. The fiber extruded under pressure through a capillary tube with the diameter was 0.06 mm, and passed through three coagulating baths. The wet-spun filaments were washed and drawn in three steps in a water bath, followed by lubrication with the heatresistant amine modified silicone oil. The resultant filaments were dried to collapse, further drawn in steam, set, dried, and wound to obtain PAN precursors.
Characterization
Conversion and the rate of polymerization were calculated from the weight of polymer obtained by gravimetric measurements.
M w of the purified polymers was determined by viscosities. MWD was determined by GPC with a Waters 150C. GPC measurement was performed in dimethyl formamide (DMF) at 30 ºC. The amount of polymer solution injected was 0.3 g/dL ×0.2 mL and the elution rate was 1 mL/min. The GPC was calibrated with standard polystyrene (PS).
Intrinsic viscosities of the polymers were measured at 35 ºC±0.5 ºC in DMF by using an Ubbelohde viscometer, and the molecular weight was calculated from the following equation (1) where θ is the contact angle, h m is the maximal height of liquid, σ is the surface tension, which is 71.2×10 -3 N/m, ρ is the liquid density, which is water, ρ water =1.0Kg/m 3 , g=9.8N/Kg.
Bruker Vector22 model FT-IR spectrometer was used to characterize the selected PAN fibers, loading samples on KBr disks (0.5mg sample with 200 mg KBr). KBr (high-quality purity, chemical reagent CO. of Peking) pelleting machine was employed to prepare samples [28] .
The quantity change of free radical from the chain thermal fragmentation was measured by the JES-FA200 (made in Germany) EPR spectrometer. Microwave frequency and power were 8.99 GHz and 0.998 mW respectively, the magnetic intensity of field center was 320.916 mT and sweep time and width were 1.0 min and 20.000 mT respectively.
A Rigaku X-ray diffractometer (D/MAX-rA, Japan ) with Ni-filtered CuKα radiation as the source was used to study the wide angle at 40 KV and 60 mA, the sample was in the disc form prepared by compressing the randomly aligned short fibers, then the crystalline-related properties of the sample were measured, the scanning speed was 6°/min, scanning step was 0.02° [28] . S t is the total peak area; S a is the amorphous peak area; S c is the crystalline peak area.
Crystal size
where λ=1.541Å, K signifies the Scherrer constant (0.89 was used), β(arc) represents the half-value width at 2θ=17°.
The stainless steel ball with the diameter being 6 mm was put into the glass viscosity tube of φ25×350mm respectively at the temperature of 40 ºC, 50 ºC and 60 ºC, the falling ball time was determined under the distance of 100 mm according to the experimental experience.
DSC curves of the precursors were recorded on the NETZSCH DSC404C thermal analyzer in air flow using a heating rate of 5 ºC/min in the temperature range from 30 to 350 ºC.
